Abstract 1 This paper describes the implementation of a novel mitigation approach and subsequent 2 adaptive management, designed to reduce the transfer of fine sediment (< 2mm) in Glaisdale 3
processes place additional pressure on aquatic habitats, increasing the risk of chemical and 1 biological pollution, and habitat decline (Robinson, 1973) . 2 3
The implementation of positive measures to abate the transfer of fine sediment and pollutants 4 whilst preserving the desired physical and biological functioning is, however, extremely 5 challenging due to the legacy of extrinsic and intrinsic, historical and contemporary controls on 6 dynamic river systems (Schumm, 1977; Elliott, 1997; Newson, 2002) . This is partly why 7 sensitive upland rivers of the UK have attracted less direct restoration than lowland counterparts 8 (Environment Agency, 1998); and given the difficulties of access and working conditions have 9 not received large-scale investment in geomorphological engineering. 10
11
To ensure a positive legacy of the continuing and future management of our upland catchments, 12 it is imperative that rehabilitation efforts are based on sound scientific knowledge acquired . 22 
23
The aim of this research conducted in the upland catchment of Glaisdale Beck; UK, is to assess 24 the success of a novel mitigation approach and subsequent adaptive management, designed to 25 reduce fine sediment transfer is assessed from a geomorphic and biotic view-point. This is 26 achieved by monitoring the schemes impact on the river channels form, and the suspended 27 sediment dynamics, whilst taking into account hydro-meteorological drivers. Due to the rarity 28 of direct modifications to upland river systems this research offers insights into the functioning 29 of a realigned upland river system and may act as a test-case, or trial for other upland catchments 30 facing similar pressures and seeking appropriate solutions. to prevent the beck reverting to its previous configuration and the occurrence of headward 25 erosion and renewed bank erosion by undercutting (Hey, 1996) . 26
27
Although a range of measures to control channel readjustment and fine sediment release were 28 recommended, not all could be fully implemented due to local site conditions and the 29 determined specification was not followed in detail. The most important deviation was the use 30 of insufficient material to construct the drop structure located on the new cut-through section 31 (Figure 3 , Drop structure A). As a result of this structure becoming undermined, it needed to be 1 later reinforced along with the addition of a drop structure upstream of the diversion (Figure 3 Following the establishment of the newly engineered channel, it was assumed that in the 9 medium and long-term, the disconnection of the immediately available and easily accessible 10 sediment source from the watercourse would have demonstrable impacts on the suspended 11 sediment load and SSCs, which would benefit the in-stream ecology and habitat quality of 12
Glaisdale Beck. However, in the short-term following the diversion it was recognised that a 13 temporary disequilibrium would be created, resulting in the active adjustment of the channel to 14 the new conditions. Although previous studies have documented the immediate and Gippel, 1995) . To quantify the relationship, calibrations were conducted between the 1 formazin calibrated turbidity (FTU) generated by the turbidity probe and SSCs determined 2 using the gravimetric technique on samples collected by an ISCO automatic sampler and 3 discrete manual sampling. In attempting to identify post-diversion changes in fine sediment 4 dynamics it was deemed important to account for not only impacts of flow on the fine sediment 5 response, but also how rainfall erosivity varied temporally. This ensured that systematic 6 changes in storm/erosion intensity as a driver of the observed sediment dynamics could be ruled 7 out, which would not necessarily have been picked up using the flow measurements alone. The 8 rainfall estimates for the catchment are derived from the UK's NIMROD radar network. This 9 provides rainfall estimates with spatial and temporal resolutions of 1km and 5-minutes 10 respectively and was available for 95% of the entire monitoring period. The NIMROD radar 11 network is one of the best operational sources of rainfall information, capable of producing 12 rainfall estimates that are statistically similar to those derived from rain-gauges (Cranston and (Table 1) . A condition set for the model was that the intercept had 24 to pass through zero. Further to the development of the linear model, the uncertainty of the 25 regression coefficients was evaluated using a bootstrap re-sampling method (n = 2000). The 26 uncertainty of the regression coefficients along with the number of calibration samples (n) and 27 summary statistics is shown in Table 1 . This calibration is within the acceptable range of 28 uncertainty for the given operating range, as set out by Gray et al. (2002) . 29
30
[Insert Table 1 ] 31 1 Sediment rating curves were constructed following the log-transformation of discharge 2 normalised by mean discharge, ̂ (cf. Warrick, 2015) and SSC from which the regression 3 coefficients and were obtained by ordinary least squares linear regression: 4 5 Log = log + •loĝ (1) 6 7 By transforming the data so that the trend is linear in log-space, the regression slope can be 8 back-transformed into original units, producing an exponential fit (Helsel and Hirsch, 1992). 9
The Duan (1983) smearing factor was subsequently applied to correct for bias introduced during 10 the transformation process. This correction factor (CF) is widely used and unlike alternative 11 approaches does not assume normality in the residuals. Following back-transformation, the 12 rating curve is modified using Equation 2. 13 ) 30 ( 4) 5 6 where is the rainfall depth (mm) and 30 is the maximum rainfall intensity during a period of 7 30-minutes during the event (mm h −1 ). Finally, the median rainfall erosivity index is calculated 8 for each season, taking account of all observed storm events. 9 10 4 Results 11
Pre-Diversion 12
During the short pre-diversion monitoring period, Q and SSC were highly correlated (Kendall's 13 Tau (Table 2) . However, the partitioned model (when Q > ) has poor explained 1 variance and large errors associated with it (R 2 = 0.07; RMSE = 174.54). This is indicative of 2 a complex and highly variable SSC response at moderate and high discharges in Glaisdale Beck. 3 This is related to the supply-limited nature of the fluvial sediment system which is related to 4 either a reduction in the availability of fine sediment sources e.g. through the exhaustion of 5 readily available material temporarily stored on the river bed (Gao and Josefson, 2012) and/or; 6 a reduction in rainfall effectiveness as the storm progresses (Wood, 1977) . These dynamics 7 cannot be adequately characterised using a simple power-law. 8 9 [Insert Table 2 during the summer months, followed by the spring months. However, there are no observable 7 relationships between the erosivity index of the rainfall and the residuals produced by the 8 LOWESS model, therefore this observed pattern is not believed to be influenced by seasonality 9 in the storm intensity and erosion potential (Figure 7 c-d) . Whilst the role of land management 10 activities, natural variability of sediment supply across the wider catchment, and additional 11 stressors, or mediating factors cannot be excluded, it is significant in the context of this research 12 that the trend in the residuals is negative, with the suspended sediment response becoming 13 increasingly dampened throughout the monitoring period. 
Long-term Geomorphic Impact

18
Although direct monitoring of the hydrology and sediment dynamics at Glaisdale beck was 19 concluded in 2009, two years after the channel diversion, the longer term development of the 20 site was observed through site visits up until 2014. Over this period in the Esk catchment, the 21 median river level was slightly less than the long term (1998 -2014) median level. However, 22 the probability of moderate and high magnitude flow events was equal, or greater than prior to 23 the diversion (Table 4) . 24
25
[Insert Table 4 ] 26
27
As a result of these erosive events during this period, continued erosion in the form of a 28 headward migrating knickpoint (visible as a step in the clay of the river bed substrate) has 29 resulted in a progressive wave of channel instability that has migrated upstream. This is the 30 morphological response to over-steepening of the channel gradient in the vicinity of the original 1 channel diversion. Due to a lack of appropriately engineered grade control (drop) structures in 2 the engineered reach this has resulted in channel bed lowering, bank undercutting and lateral 3 bank failures upstream. steepening of the local slope to a gradient close to 5% (Table 5) , which shifted the channel into 22 the range of slopes typical of step-pool streams (Chin et al., 2009 ). Under these conditions a 23 new channel morphology needs to be considered and step-pools need to be considered as a 24 suitable channel engineering structure. In this case study, a single large step was engineered to 25 create the new channel morphology and ultimately this was unsuccessful and failed. Chin et al. 26 (2009) list a set of important considerations relating to the design, construction and maintenance 27 of step pool structures that should be followed when restoring high gradient channels. With the 28 benefit of hindsight a staircase of multiple steps, constructed of large rock (imported to the site), 29 spaced appropriately in the diversion reach would have been more effective in mitigating 30 headward degradation (Chin et al., 2009 ). Overall however, the scheme effectively slowed the 31 downslope movement of the large landslide complex which was destabilising valuable farmland 1 and contributing significant quantities of fine sediment to beck. By disconnecting the river 2 channel from the distal end of the landslide, and preventing over-steepening of the toe, the 3 landslide crept into the old abandoned channel where movement was arrested. 4
Channel Realignment as River Restoration 5
Connectivity between potential sediment source areas and drainage networks in the uplands of 6 the UK results in the mobilisation and transfer of fine sediment from a range of point and diffuse 7 sources across a catchment (e.g. source. Inherent in this approach was the assumption that the risk to in-stream habitat was 22 greater by doing nothing than by attempting to divert the channel away from the primary fine 23 sediment pollution source. Due to the sensitivity of the site, it was agreed that in order to 24 alleviate the problem effectively efforts should be directed towards a hard-engineering 25 approach, which should minimise the potential risk of failure. In the case of the channel 26 realignment option, the channel was designed to be laterally stable with grade control measures 27 in place (Warburton, 2007) . This approach had the inherent potential to remove natural 28 variability and heterogeneity in channel morphology, flow dynamics and available river 29 habitats along the affected reach, whilst contradicting the popular movement from hard to soft 30 engineering solutions (Hey, 1996; Richards, 2001; Raven et al., 2010; Newson, 2012) . 31
However, the clear identification of a manageable critical point source of fine sediment 32 provided an opportunity to significantly reduce degradation of the system and to enhance the 1 overall ecological integrity of the river beyond that of the reach scale (Palmer et al., 2005) . 2 Nevertheless as Wohl et al. (2015) suggests, reconfiguring channels is fraught with difficulty 3 and often is only partially successful due to the local focus on the reach-scale. This case study, 4 through long-term monitoring, has demonstrated this limitation but more importantly shown 5 how the engineered reach, through longer-term natural adjustment, eventually reconnects with 6 the larger river network to deliver large scale benefits. 7 8 6 Conclusions 9
Glaisdale Beck was highlighted as experiencing elevated levels of fine sediment flux, with a 10 significant source of this material being attributed to a large hillslope failure complex which 11 was directly coupled to the channel. This reach was subject to a specific set of pressures which 12 would result in traditional geotechnical stabilisation techniques being inappropriate and there is evidence of non-stationarity in the fine sediment flux signal and it is anticipated that 4 providing allogenic controls do not force further threshold changes, suspended sediment 5 transfer will remain at lower levels than that of pre-diversion conditions, with a fine sediment 6 transfer regime becoming established that is commensurate with the newly imposed conditions. 7 8 Although knickpoint migration has now nearly ceased, the channel is continuing to adjust to 9 the threshold change, with evidence of continuing local instability. It is therefore recommended 10 that this approach to reducing the fine sediment flux of upland rivers should not be adopted as 11 standard practice. However, where significant modifications to upland channels are made, 12 comprehensive in-stream monitoring and geomorphological assessments should be regularly 13 conducted to evaluate the response of the river to the new conditions. This research has also 14 highlighted the importance of ensuring appropriate controls on sediment release during in- Table 4 . Summary statistics calculated from river level data collected at Lealholm monitoring 1 station (NZ7627207611) based on observations at 15-min intervals. Statistics provided include 2 the mean, median and maximum river levels and the probability that the river level exceeds the 3 long term (1998 -2014) 
